Cyclin G1 is one of the target genes of the transcription factor p53, and is induced in a p53-dependent manner in response to DNA damage. Although cyclin G1 has been implicated in a range of biological phenomena, its precise function remains unclear. Here we present an analysis of the physiological role of cyclin G1 using mice homozygous for a targeted disruption of the cyclin G1 gene. In order to clarify the role of cyclin G1 in the p53 pathway, downstream events such as apoptosis, cell growth and cell cycle checkpoint control were analysed in thymocytes and embryonic ®broblasts derived from cyclin G1-disrupted mice. No dierence was detected in induction of apoptosis between mouse embryo ®broblasts (MEFs) derived from cyclin G1 +/+ and cyclin G1 7/7 mice. Following irradiation, cyclin G1 7/7 MEFs proliferated more slowly and reached lower cell densities in culture dishes than cyclin G1 +/+ MEFs. Analysis of cell survival showed that cyclin G1 7/7 MEFs were about twice as sensitive as cyclin G1 +/+ MEFs to g radiation or UV radiation. Cyclin G1 7/7 mice were more sensitive to g radiation than wild-type mice. Flow cytometeric analysis revealed that the number of cyclin G1 7/7 MEFs in G2/ M phase after irradiation was reduced by 50% relative to cyclin G1 +/+ MEFs. Our results demonstrate that cyclin G1 plays roles in G2/M arrest, damage recovery and growth promotion after cellular stress. Oncogene (2001) 20, 3290 ± 3300.
Introduction
Cyclins are proteins which contain a highly conserved motif called the`cyclin box' (Pines and Hunter, 1989) . Some cyclins function as regulatory subunits of cyclindependent-kinases (cdks) which phosphorylate cellular substrates and control cell cycle progression (Hunter, 1991; Pines, 1991) . In mammalian cells, the 12 cyclin subtypes identi®ed to date are designated cyclins A through K and cyclin T. Cyclins A, B, D and E regulate the activity of cyclin-dependent-kinases. Cyclin F interacts directly with cyclin B, and regulates the nuclear localization of cyclin B1 (Kong et al., 2000) . More recently, new cyclins that are believed to be involved in other biological processes such as transcription and DNA repair have been identi®ed. Cyclins C and H are primarily involved in regulation of transcription and DNA repair as components of basic transcription factors. Cyclins K and T contribute to transcription activation and elongation by RNA polymerase II (Wei et al., 1998; Edwards et al., 1998; Fu et al., 1999) . Cyclin G1 was originally identi®ed as a novel member of the cyclin family with homology to c-src (Tamura et al., 1993) , and cyclin G2 was isolated as a homologue of cyclin G1 (Horne et al., 1996; Bates et al., 1996) . Cyclin I may also belong to the cyclin G subfamily because of its high sequence homology to cyclin G1 and cyclin G2 (Nakamura et al., 1995; Bates et al., 1996) .
In the course of searching for proteins which associate with cyclin G1, we have demonstrated the association of cyclin G1 with cdk5 in vivo and isolated another association partner, a non-cdk serine/threonine kinase named GAK (Kanoka et al., 1997; Kimura et al., 1997b) . Others have reported a p53-dependent association between cyclin G1 and the B' regulatory subunit of protein phosphatase 2A (Okamoto et al., 1996) . Many cyclins have been shown to associate with catalytic partners, cdks, to form active kinase complexes. These cyclin complexes exert profound eects on a range of biological processes. It is not yet known, however, whether cyclin G1 is a regulator or substrate of the association partners identi®ed to date. The molecular functions of the association partners themselves are also unclear, so the physiological or biochemical functions of cyclin G1 remain obscure.
Cyclin G1 is one of the target genes of the transcription factor p53 (Okamoto and Beach, 1994; Zauberman et al., 1995) . The p53 tumor suppressor gene is involved in diverse cellular processes, including regulation of the cell cycle, apoptosis, senescence, DNA repair, cell dierentiation and angiogenesis. These activities are mediated through a variety of biochemical functions, such as transcriptional activation, trans-repression, DNA annealing and 3' ± 5' exonuclease activity, which require a large set of target gene products and interacting proteins (reviewed in: Amundson et al., 1998; Bates and Vousden, 1999; Giaccia and Kastan, 1998; Janus et al., 1999; Jayaraman and Prives, 1999; Levine, 1997; Sionov and Haupt, 1999) . The increase in p53 protein levels which occurs in response to genotoxic stress is thought to result in transcription of target genes that mediate the varied functions associated with the p53 gene. Among these transcriptional targets, Mdm2 is a negative regulator of p53 (Barak et al., 1993; Wu et al., 1993) , p21 WAF1/Cip1 is an inhibitor of G1 cyclin-CDK complexes and is responsible for G1 arrest (reviewed in El-Deiry, 1998), 14-3-3s mediates G2 arrest (Hermeking et al., 1997) , Bax promotes apoptosis (Miyashita and Reed, 1995) , GADD45 is involved in DNA repair (Smith et al., 1994) . and thrombospondin-1 inhibits angiogenesis (Dameron et al., 1994) . It therefore seems likely that cyclin G1, being a transcriptional target of p53, may also act as a mediator of p53 functions such as growth inhibition, DNA repair and apoptosis.
While the precise function of cyclin G1 is still unclear, recent reports suggest its involvement in a number of biological phenomena. Introduction of antisense cyclin G1 inhibited proliferation of human osteogenic sarcoma cells (Skotzko et al., 1995) , and ectopic overexpression of cyclin G1 in human RKO colon carcinoma cells accelerated cell growth (Smith et al., 1997) , indicating that cyclin G1 plays a role in growth regulation of mammalian cells. Another group reported the localization of cyclin G1 to nuclear replication foci in response to DNA damage in p53 +/+ cells (Reimer et al., 1999) and suggested that cyclin G1 might promote DNA replication by functional association with replication foci proteins. Other reports showed, however, that cyclin G1 contributes to G2/M arrest of cells in response to DNA damage (Shimizu et al., 1998) and plays a role in apoptosis (Okamoto and Prives, 1999) . Thus, the function of cyclin G1 in growth regulation remains controversial. On the other hand, expression of cyclin G2 was induced in the absence of p53 when cells were treated with actinomycin D (Bates et al., 1996) and UV or g radiation (Kimura and Nojima, unpublished observation) . Cyclin G2 was also upregulated during growth inhibition in a B cell line treated with TGF-b and dexamethasone or with anti-IgM antibody (Horne et al., 1997) . It is clear that the G-type cyclins, cyclin G1 and cyclin G2, are upregulated in response to stimuli that induce cellular damage and cell cycle arrest. Thus G-type cyclins may be involved in growth control, induction of apoptosis or DNA repair following cellular damage caused by various stress stimuli.
In order to investigate the physiological role of cyclin G1, we generated mice homozygous for a targeted disruption of the cyclin G1 gene. The role of cyclin G1 in the p53 pathway was examined by analysis of downstream functions including apoptosis, growth properties and cell cycle checkpoint control in thymocytes and mouse embryonic ®broblasts (MEFs) derived from cyclin G1-disrupted mice. We also analysed the sensitivity of mice and MEFs homozygous for cyclin G1 disruption to ionizing radiation and other cellular stresses. Our results demonstrate that cyclin G1 plays a role in G2/M arrest in response to DNA damage and in damage recovery and growth promotion after cellular stresses.
Results

Targeted disruption of cyclin G1 gene
A cyclin G1 targeting construct was designed to replace a part of the second exon with a neomycin resistance cassette (PGK-neo) and to insert the herpes simplex virus thymidine kinase gene 5.5 kb downstream of the neo gene (Figure 1a ). The targeting vector was linearized and used to transfect D3 embryonic stem (ES) cells (Ikawa et al., 1997) . The cyclin G1 gene was targeted in eight out of 66 G418-gancyclovir-resistant clones, which were shown to have undergone homologous recombination by Southern blot analysis. The three targeted ES clones were used to produce chimeric mice. The ES cell lines were independently injected into C57BL/6J blastocysts, resulting in the birth of three male chimeric mice. These mice derived more than 60% from ES cells, judging by their coat color (agouti). Two lines of the chimera produced heterozygous F1 ospring when bred to C57BL/6J female mice.
Heterozygous crosses produced ospring in the expected Mendelian distribution. From 231 ospring, 65 carried the wild-type cyclin G1 gene, 111 were heterozygous, and 55 were homzygous for the disrupted cyclin G1 allele. This result indicates that homozygosity for the cyclin G1 mutation is not associated with detectable embryonic or neonatal lethality. The homozygous cyclin G1 7/7 mice were indistinguishable from their wild-type and heterozygous (cyclin G1 +/7 ) littermates. Pathological analyses of cyclin G1 +/+ and cyclin G1 7/7 mice revealed no obvious dierence between mutant and wild-type mice at 2, 6 or 8 weeks of age in skeletal muscle, heart, kidney, brain or testis; cyclin G1 mRNA is strongly expressed in all of these tissues (Kimura et al., 1997b) . There were also no dierences in 14-day whole embryos or in other tissues including cerebrum, cerebellum, heart, lung, skeletal muscle, spine, bone marrow, skin, lymph node, testis, stomach, intestine, liver, kidney and at 2, 6, or 8 weeks of age (data not shown). There was no evidence of illness or carcinogenesis in the cyclin G1 7/7 mice up to 11 months of age, suggesting that the absence of cyclin G1 does not increase the rate of incidence of cancer (data not shown).
Thymus, spleen, and brain tissue from cyclin G1 +/+ and cyclin G1 7/7 mice was analysed by Western blot to determine the presence or absence of cyclin G1 protein ( Figure 1c ). After the mice were subjected to a 10 Gy dose of g radiation, whole cell lysates from these tissues showed signi®cant induction of cyclin G1 protein compared with unirradiated controls in cyclin G1 +/+ mice, but this eect was not observed in tissues from
7/7 mice. Thus, cyclin G1 protein was not produced by the disrupted cyclin G1 allele. The similar result was also obtained in cyclin G1
7/7 MEFs ( Figure  3d ). Expression levels of cyclin G2 proteins (40 kDa) were also compared ( Figure 1c ). Cyclin G2 protein was induced in the thymus, spleen and brain of cyclin G1 +/+ mice by g-irradiation, but cyclin G2 expression in these tissues was not altered by g irradiation of cyclin G1 7/7 mice ( Figure 1c ). This result suggests that the roles played by cyclins G1 and G2 in the DNA damage response may be functionally interconnected.
Radiation sensitivity of cyclin G1 mutant mice
We determined the sensitivity of cyclin G1-disrupted mice to ionizing radiation. Ten-week-old wild-type, heterozygous, and homozygous mutant littermates were irradiated with two dierent doses of g radiation, and morbidity and mortality were monitored. At a dose of 8 Gy (Figure 2a ), about two-thirds of the cyclin G1 +/+ , cyclin G1 +/7 and cyclin G1 7/7 mice died suddenly between 6 and 10 days post-irradiation. The time course of death was consistent with bone marrow depletion of white blood cells and concomitant infection. Two-thirds of the cyclin G1 +/+ and cyclin G1 +/7 mice survived up to day 30. In contrast, cyclin G1 7/7 mice continued to die after 10 days, and 90% of the homozygous mutant mice died by 30 days. At a dose of 4 Gy (Figure 2b ), all of the cyclin G1 +/+ and cyclin G1 +/7 mice survived for 2 months without any morbidity. In contrast, 30% of the cyclin G1 7/7 mice irradiated with 4 Gy died between 10 and 20 days, with symptoms similar to those induced by the higher dose ( Figure 2b ). The remaining 70% of the cyclin G1 7/7 mice survived without morbidity for 2 months.
To determine the cause of death in irradiated mice, we examined various tissues at 3 or 4 days of postirradiation. Most tissues were normal in appearance (data not shown). Tissues known to be sensitive to g radiation, such as thymus, spleen, lymph nodes and bone marrow, were depleted of cells in both cyclin G1 +/+ and cyclin G1 7/7 mice (data not shown). Thus, the rapid death of cyclin G1 7/7 mice was unlikely to result from more severe eects on immune function in +/+ mice with or without g irradiation (10 Gy). Whole cell lysates of thymocytes (T) and spleen (S) and brain (b) cells from mice of the indicated genotypes were subjected to SDS ± PAGE and Western blotting. Blots were probed with anti-cyclin G1 (upper panel) or anti-cyclin G2 (lower panel) polyclonal antibodies. The positions of the bands corresponding to cyclin G1 (34 kDa), cyclin G2 (40 kDa) and actin (loading control) proteins are indicated by arrows the mutant mice. The death of mutant mice 10 days after 4 or 8 Gy irradiation might be caused by global toxicity of radiation or the toxic eects of radiation on speci®c tissues such as the gastrointestinal tract.
Since intestinal mucosa is one of the tissues sensitive to g-irradiation, we histologically examined intestine tissues at 3 and 4 days after 4 Gy irradiation. The intestines of cyclin G1 +/+ mice were almost normal except for mild thickness of villi with lymphocytic in®ltration (Figure 2c ). By contrast, in the intestines from cyclin G1 7/7 mice, swelling of villi was frequently observed (Figure 2c ). Such swelling was accompanied by subepithelial dissociation and edema, which is common to acute radiation toxicity.
Effect of cyclin G1 disruption on apoptosis
Transcriptional activation by p53 contributes to its apoptotic activity (Choisy Rossi et al., 1998; Ding and Fisher, 1998) , and is essential to apoptosis in some ) by closed triangles, and cyclin G1-disrupted mice (Cyclin G1 ) by ®lled boxes. (c) Histology of the small intestines from G1 +/+ (upper row) and G1 7/7 (lower row) mice. The intestinal tissues were isolated from mice before (left) and 3 days after (right) g-irradiation, and stained with hematoxylin and eosin. Arrows indicate swollen villi Oncogene Cyclin G1 is involved in G2/M arrest SH Kimura et al cases (Attardi et al., 1996; Sabbatini et al., 1995) . Thus, we examined the susceptibility of cyclin G1 7/7 MEFs and thymocytes to apoptotic stimuli. Apoptosis of MEFs and thymocytes derived from cyclin G1 +/+ or cyclin G1 7/7 mouse was induced by treatment with either g or UV radiation. Cell survival was evaluated by Trypan blue staining, and cell death was analysed by¯ow cytometry. There was, however, no apparent dierence between cyclin G1 +/+ and cyclin G1
7/7
MEFs in the induction of apoptosis (data not shown). Okamoto and Prives (1999) reported that induction of apoptosis by TNF-a was increased by overexpression of cyclin G1 in mouse ®broblasts, and suggested that cyclin G1 may play a role in modulating apoptosis. We therefore analysed the eect of cyclin G1 disruption on induction of apoptosis in MEFs by TNF-a (Figure 3a) . Wild-type MEFs and cyclin G1
MEFs were infected with a retrovirus encoding cyclin G1, resulting in over-expression of cyclin G1 ( Figure  3b ). These cells were also irradiated with 10 Gy of gray to induce endogenous cyclin G1 protein. The MEFs were then treated with TNF-a in the presence of cycloheximide, and the resulting level of apoptosis was investigated (Figure 3a) . Cellular DNA content was examined by¯ow cytometry, and the proportion of cells with sub-G1 amounts of DNA were measured. Although treatment of MEFs with cycloheximide alone did not induce apoptosis in MEFs, treatment with cycloheximide plus TNF-a induced apoptosis in all of these cell types (Figure 3a) . The apoptotic fraction of both cyclin G1 +/+ and cyclin G1 7/7 MEFs was twofold higher than that of any of the other MEFs used in this experiment (Figure 3a) , which is consistent with the report by Okamoto and Prives (1999) . The level of the ectopically expressed cyclin G1 in cyclin G1 7/7 MEFs is similar to that of the endogenous cyclin G1 in wildtype MEFs (Figure 3b ). These results suggest that high level expression of endogenous cyclin G1 sensitizes cyclin G1 7/7 MEF to apoptosis. However, the disruption of cyclin G1 had no eect on the induction of apoptosis by TNF-a because cyclin G1 7/7 MEFs were induced to apoptosis as much as cyclin G1 +/+ MEFs (Figure 3a) . To induce the endogenous cyclin G1 expression, we irradiated MEFs with 10 Gy before TNF-a treatment. The fraction of MEFs induced to apoptosis by TNF-a was enhanced by g-irradiation up to twofold compared with that of unirradiated MEFs. The apoptotic fraction of irradiated cyclin G1 7/7 MEF is 5% smaller than that of wild-type MEFs. These results suggest that cyclin G1 is involved in the induction of TNF-a induced apoptosis in a manner to sensitize cells to apoptosis, but its role is not essential to apoptosis.
Growth properties and survival of cyclin G1
7/7 MEFs after cellular stress Since p53 can induce cell cycle arrest and inhibit cell growth after DNA damage, we investigated the eects of cyclin G1 disruption on cell growth by examining the growth properties of MEFs from cyclin G1 +/+ and cyclin G1 7/7 mice after g or UV irradiation. All of the cells examined showed contact inhibition with or without irradiation. Irrespective of genotype, all unirradiated MEFs had similar growth rates before reaching con¯uence (Figure 4) . Following irradiation, cyclin G1 7/7 MEFs proliferated more slowly, and reached a lower saturation density than cyclin G1 +/+ MEFs (Figure 4 ). Dierences in cell number between cyclin G1 +/+ and cyclin G1
7/7
MEFs reached a maximum 12 days after irradiation. Cyclin G1
MEFs showed about a 60% decrease in cell number relative to cyclin G1 +/+ MEFs after UV irradiation, and about a 30% decrease following g irradiation (Figure 4) .
We next examined the survival of MEFs after g or UV irradiation. Cell survival was measured by monitoring colony forming ability after the various insults. At all exposure levels, cyclin G1 7/7 MEFs showed about twice the sensitivity of wild-type MEFs to g radiation ( Figure 5a ) and UV radiation (Figure 5c ). Cyclin G1
MEFs also showed a 30 ± 60% reduction in the number of cells per colony relative to wild-type MEFs after g irradiation ( Figure 5b ) and UV irradiation (Figure 5d ). This is consistent with our observation that cyclin G1 7/7 MEFs grew more slowly than wild-type MEFs after g or UV irradiation (Figure 4a,b) . From these observations, it is clear that the growth of cyclin G1
MEFs was retarded by g or UV irradiation.
Alteration in cell cycle distribution and abnormality in G2/M checkpoint of cyclin G1
7/7 MEFs in response to DNA damage
In response to DNA damage, mammalian cells undergo G1 and G2 arrest in a p53-dependent manner. It has been clearly demonstrated that G1 arrest is caused by induction of p21 WAF1/Cip1 , one of the transcriptional targets of p53 (Deng et al., 1995; Brugarolos et al., 1995) . G2 arrest is also dependent on p53. Although it is not clear how p53 regulates G2 arrest, it has been suggested that it is through transcriptional activation of the 14-3-3s gene (Hermeking et al., 1997) . To examine the contribution of cyclin G1 to G1 and G2 arrest, we analysed the eect of g irradiation on the cell cycle distribution of cyclin G1 +/+ and cyclin G1 7/7 MEFs. We analysed the cell cycle distribution of irradiated cells in synchronized MEFs. First, MEFs were arrested in early S phase by aphidicoline. Then, MEFs were irradiated and stimulated to enter the cell cycle by removal of aphidicoline. Cells were harvested at 12 and 24 h, and the cell cycle distribution was determined. In un-irradiated status, more than 70% of the MEFs in both genotypes entered into G1 phase 24 h after release from S phase arrest (Figure 6a ). Following irradiation, both cyclin G1 +/+ and cyclin G1 7/7 MEFs showed a signi®cant decrease in the S phase fraction and appeared to arrest at G2/M (Figure 6b ). The G2/M fractions of irradiated cyclin G1 +/+ and cyclin G1 7/7 MEFs, however, were very dierent. The G2/M fraction of cyclin G1 +/+ MEFs was increased by irradiation (12 h), and more than 70% of these cells entered into G2/M arrest (24 h). In contrast, the G2/M fraction of cyclin G1 7/7 MEFs did not increase relative to wild-type MEFs, and was about 50% lower than that of cyclin G1 +/+ MEFs. These results indicate that disruption of cyclin G1 in MEFs causes a defect in G2/M arrest.
Discussion
Cyclin G1
7/7 mice grew normally without any morphological de®ciency or disease, and were fertile. Pathological analyses revealed no obvious dierences between mutant and wild-type mice in skeletal muscle, Figure 3 Eect of cyclin G1 disruption on apoptosis. (a) Disruption of cyclin G1 showed no eect on the induction of apoptosis by TNF-a. Cells were irradiated with 10 Gy g radiation or left untreated, incubated in the presence (+) or absence (7) of 10 ng/ml TNF-a for 12 h, ®xed and stained with propidium iodide and the number of apoptotic cells was determined by FACS analysis. (b) Expression of cyclin G1 protein following retroviral infection. Lysates of wild-type MEFs infected with empty virus (WT+V) or with a virus expressing cyclin G1 (WT+G1), and cyclin G1 7/7 MEFs infected with empty virus (G1 7/7 +V) or with a virus expressing cyclin G1 (G1 7/7 +G1) were analysed by Western blotting. Membranes were probed with anti-cyclin G1 PAb (upper panel), and with anti-Tubulin monoclonal antibody as a loading control (lower panel)
Oncogene Cyclin G1 is involved in G2/M arrest SH Kimura et al heart, kidney, brain or testis, even though cyclin G1 mRNA is strongly expressed in these tissues in wildtype mice (Kimura et al., 1997a) . Cyclin G1 7/7 mice were, however, more sensitive to g irradiation than wild-type mice. In intestinal villi, cyclin G1 7/7 mice suered from radiation toxicity more profoundly than G1 +/+ mice did. Survival and growth rates were also decreased in cyclin G1 7/7 MEFs relative to wild-type MEFs. Given that cyclin G1 was upregulated by stress stimuli, these observations indicate that it may play a role in recovery from cellular damage. The observed dierence in survival rates between cyclin G1 +/+ and cyclin G1 7/7 mice might be caused by incomplete recovery of damaged tissues, such as intestinal epithelia, in cyclin G1 7/7 mice. We examined a number of potential p53-related functions of cyclin G1, including apoptosis, growth properties and cell cycle checkpoint control, using thymocytes and MEFs derived from cyclin G1 7/7 mice. We found that p53-dependent apoptosis was induced without cycling G1 expression in thymoctyes and MEFs, indicating that cyclin G1 is not essential to induction of p53-regulated apoptosis, although overexpression of cyclin G1 resulted in increased sensitivity to apoptosis induced by TNF-a. Several p53-induced target genes can promote apoptosis, although the expression of each gene alone is usually insucient to cause signi®cant cell death. Apoptotic target genes may need to act in concert, activating parallel apoptotic pathways, in order to cause a full apoptotic response, and this might explain why disruption of the cyclin G1 gene alone did not appear to aect apoptosis.
We found that the survival rate of cyclin G1
7/7
MEFs after insult was about half of the wild-type MEF survival rate, and that cyclin G1 7/7 mice were more sensitive to g radiation than wild-type mice. The enhanced sensitivity of cyclin G1 7/7 mice and MEFs to radiation may be due to a de®ciency in DNA repair or checkpoint control, or to loss of cyclin G1 function in cell growth after recovery from damage. Our data suggest that the phenotype caused by cyclin G1 disruption is not associated with DNA repair, because heat shock treatment also reduced the survival rate of cyclin G1 7/7 MEFs (data not shown). Moreover, we demonstrated that cyclin G1
MEFs had an abnormality in G2/M arrest, and observed that the growth of cyclin G1 7/7 MEFs was retarded after DNA damage. Therefore, it seems likely that a de®ciency in G2/M checkpoint control and growth retardation after DNA damage are responsible for the enhanced sensitivity of cyclin G1 7/7 cells and mice to stress. The increased sensitivity of cyclin G1 7/7 MEFs to stress was, however, not as striking as that of known checkpoint-or DNA repair-de®cient cells, such as AT5BI (from an ataxia telangectasia patient) or XP2OSSV (from a xeroderma pigmentosum patient). Figure 5 (a,c) shows that AT5BI and XP2OSSV cells were considerably more sensitive than cyclin G1
MEFs to g and UV radiation, respectively. XP2OSSV cells are profoundly de®cient in UV-damaged DNA repair, and AT5BI cells have a defect in checkpoint control upstream of p53; these severe defects cause correspondingly severe increases in cell sensitivity to speci®c stresses. In contrast, cyclin G1 disruption had only a moderate eect on survival rates after damage, indicating that the function of cyclin G1 may be limited to G2/M checkpoint and growth control after damage. Moreover, since cyclin G2 is also induced by stress stimuli, cyclin G2 function may partially compensate for the de®ciency in cyclin G1
7/7 cells. The observed growth retardation of cyclin G1
MEFs after DNA damage could be explained by a de®ciency in G2/M checkpoint control. Some fraction of cyclin G1 7/7 MEFs might be damaged by skipping the G2/M arrest, lose their ability to proliferate, and be eliminated by cell death. This speculation does not explain, however, the decrease in the growth rate of cyclin G1 7/7 MEFs after DNA damage (Figure 4a ). Introduction of antisense cyclin G1 inhibited proliferation of human osteogenic sarcoma cells (Skotzko et al., 1995) , and ectopic overexpression of cyclin G1 in human RKO colon carcinoma cells accelerated cell growth (Smith et al., 1997) . It is therefore apparent that cyclin G1 promotes cell growth only under certain speci®c conditions. Taken together, our results indicate that cyclin G1 is involved in G2/M checkpoint control as a downstream mediator of p53 and also plays a role in promotion of cell growth following recovery from damage. In relation to the latter function of cyclin G1, Morita et al. reported that nerve injury upregulated the expression of cyclin G1 mRNA in motoneurons during the early phase of the nerve regeneration process, suggesting the involvement of cyclin G1 in the early stages of nerve regeneration (Morita et al., 1996) . This expression of cyclin G1 was independent of p53. Moreover, p53-de®cient mice are not acutely sensitive to 4 Gy irradiation (Kemp et al., 1994) , whereas the same dose caused rapid death in about 30% of cyclin G1-disrupted mice in the present study. These observations suggest that cyclin G1 promotion of cell growth during recovery may also be p53-independent. However, cyclin G1 was localized to nuclear replication foci in response to DNA damage in p53 +/+ cells (Reimer et al., 1999) , suggesting that cyclin G1 is involved in DNA replication after DNA damage in a p53-dependent manner, by functional association with regulatory proteins at replication foci.
Materials and methods
Generation of cyclin G1-deficient mice
Using full-length mouse cyclin G1 cDNA as a probe, we isolated a genomic clone with a 15 kb insert containing the six exons of the cyclin G1 gene from a 129/Sv strain lambdaEMBL3 library (Kimura et al., 1997a) . A 1.6 kb XbaI fragment of the cyclin G1 gene was subcloned into the XbaI site of pBluescriptII KS+ (between the SalI and XhoI sites) to generate a 1.6 kb SalI-XhoI fragment. This fragment was then inserted into the XhoI site of the pPNT targeting vector (Tybulewicz et al., 1991; Ikawa et al., 1997) . A 5 kb BglII ± KpnI fragment of the cyclin G1 gene was directly inserted into the BamHI ± KpnI site of the pPNT vector. The resulting plasmids were linearized by NotI digestion before being introduced into D3 embryonic stem (ES) cells by electroporation. Homologous recombination in G418-gancyclovirresistant clones was con®rmed by standard Southern blot analysis (Sambrook et al., 1989) . The targeted cell lines were injected into C57BL/6J blastocysts, resulting in the birth of chimeric male mice which produced heterozygous F1 ospring when bred with C57BL/6J females.
Cell culture
Primary MEFs were obtained from mouse embryos at 14 days post coitus (d.p.c.) using the established procedures (Robertson, 1987) . MEFs were cultured at 378C in a 5% CO 2 atmosphere in Dulbecco's modi®ed Eagle's medium (DMEM) supplemented with 10% heat-inactivated fetal calf serum (FCS), 2 mM L-glutamine, 0.1 mM sodium pyruvate, 0.1 mM MEM non-essential amino acid solution, 100 U/ml penicillin G, 100 mg/ml streptomycin sulfate and 50 mM 2-mercaptoethanol. Early S phase synchronization was achieved with aphidicoline by the standard protocol (Fantes and Brooks, 1993) . Cells were subjected to a 10 Gy dose of g radiation and released into the cell cycle. In order to induce cyclin G1 overexpression, pBabePuro-cyclin G1 was constructed and retrovirus-mediated gene transfer was carried out (Morgenstern and Land, 1990; Pear et al., 1993) . To induce apoptosis in MEFs, cells were plated at 10 5 cells per 35 mm dish 1 day prior to treatment. The cells were left untreated or treated with 10 ng/ml of mouse TNF-a (Boehringer) in the presence of 10 mg/ml cycloheximide. Viable cell numbers were determined by the Trypan blue dye exclusion method. Apoptotic fractions were determined by estimating the proportion of cells with sub-G1 DNA content by¯ow cytometry.
Western blot analyses
Total cellular protein was prepared as described previously (Kimura et al., 1997b) , resolved by SDS-polyacrylamide gel electrophoresis (SDS ± PAGE) on 10% gels, transferred to nitrocellulose ®lters and probed with anti-cyclin G1 polyclonal antibody (PAb) (Kimura et al., unpublished) , anticyclin G2 polyclonal antibody (PAb) (Kimura et al., unpublished) or anti-cdk 2 monoclonal antibody (clone 8A12; MBL, Nagoya, Japan). Immunoreactive protein bands were visualized using Renaissense TM chemiluminescence reagents (DuPont NEN, Boston MA, USA).
Irradiation experiments
Animals and cells were irradiated in a Gammacell 40 Exactor Research Irradiator (MDS Nordion, Ontario, Canada) with a 137 Cs source at a rate of 1.142 Gy/min. Littermates (10 each of the wild-type, heterozygous and mutant mice at 8 weeks of age) were irradiated in single doses of either 4 Gy or 8 Gy, and survival rates were determined. UV irradiation of MEFs was carried out after the culture medium and the plate cover were removed; cells were irradiated with a germinal lamp at a rate of 0.22 J/m 2 /s for survival assays and with a UV Stratalinker 2400 (Stratagene, La Jolla, CA, USA) to induce apoptosis. For histological examination, some mice were sacri®ced before, and 3 and 4 days after g-irradiation. 1.0 cm long segments of small intestine were isolated and ®xed with formalin. Paran-embedded tissues were cut thin and stained with hematoxylin and eosin. Determination of cell survival rates following irradiation was carried out as described elsewhere (Asahina et al., 1999) .
